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Transmission of measles virus (MV) to T cells by its early CD150� target cells is considered to be crucial for viral dissemination
within the hematopoietic compartment. Using cocultures involving monocyte-derived dendritic cells (DCs) and T cells, we now
show that T cells acquire MV most efficiently from cis-infected DCs rather than DCs having trapped MV (trans-infection).
Transmission involves interactions of the viral glycoprotein H with its receptor CD150 and is therefore more efficient to preacti-
vated T cells. In addition to rare association with actin-rich filopodial structures, the formation of contact interfaces consistent
with that of virological synapses (VS) was observed where viral proteins accumulated and CD150 was redistributed in an actin-
dependent manner. In addition to these molecules, activated LFA-1, DC-SIGN, CD81, and phosphorylated ezrin-radixin-moesin
proteins, which also mark the HIV VS, redistributed toward the MV VS. Most interestingly, moesin and substance P receptor,
both implicated earlier in assisting MV entry or cell-to-cell transmission, also partitioned to the transmission structure. Alto-
gether, the MV VS shares important similarities to the HIV VS in concentrating cellular components potentially regulating actin
dynamics, conjugate stability, and membrane fusion as required for efficient entry of MV into target T cells.

Measles virus (MV), which remains one of the major causes of
vaccine-preventable infant death worldwide, is highly con-

tagious and infects via the respiratory tract. Professional antigen-
presenting cells, such as bronchial macrophages and/or dendritic
cells (DCs), penetrating through the deep lung epithelium, rather
than epithelial cells, are early targets of infection (5, 13, 29). In line
with earlier suggestions, these cells are believed to serve as Trojan
horses mediating MV transport to secondary lymphatics, where
they induce MV-specific immunity, yet where generalized immu-
nosuppression by this virus also occurs (15, 35, 37, 41). For the
latter, inadequate expression levels of major histocompatibility
complex and costimulatory molecules, inhibitory signals con-
veyed to scanning T cells by MV proteins displayed at the DC
membrane, and immune synapse instability potentially related to
the release of repulsive mediators have been suggested to contrib-
ute to impaired T cell responses upon in vitro restimulation (17,
26, 42, 46). Alternatively, transmission of infectious MV to T cells,
followed by syncytium formation in vitro (8, 16), as well as infec-
tion-mediated loss of especially activated and/or memory cells in
vivo, has been linked to both MV induced lymphopenia and im-
munosuppression (31, 36). In addition to this, MV transmission
to lymphocytes, including T cells in lymphoid tissues, is essential
for viral dissemination and spread (1, 5, 27, 47).

Viral DC-T cell transmission, extensively studied for HIV, ei-
ther relies on DC infection (cis-infection) or mere viral capture
(mainly by C-type lectin receptors), followed by viral transfer to
target T cells (trans-infection) (12). In common with HIV, MV is
captured by C-type lectin receptors such as Langerin or DC-SIGN
on Langerhans cells (LCs) or DCs (7). While LCs barely support
cis-infection by MV, which is instead sorted to Birbeck granules
(48), MV enters into and replicates in myeloid DCs, and this is
dependent on the expression of CD150, the MV entry receptor on
hematopoietic cells in vitro and in vivo (4–8, 50). Because DC-
SIGN� cells with DC morphology did not detectably display
CD150 on their surfaces in healthy deep respiratory tract tissues,

these cells were considered as primarily capturing MV via DC-
SIGN and, thus, MV transmission to T cells would mainly occur
by trans-infection (8). However, DC-SIGN ligation was recently
found to cause vertical transport of CD150 to the plasma mem-
brane from an intracellular storage compartment (2), thus sup-
porting extensive evidence for MV cis-infection of these cells ob-
tained in vitro and in vivo (5, 13).

For HIV, cell-associated transmission to T cells was found to be
up to 100-fold more efficient than cell-free transmission and relies
on the formation of spatially organized interfaces referred to as
virological synapses (VS), which require lateral sorting of HIV
receptors, as well as the recruitment of tetraspanins, especially
CD81, moesin, and integrins (3, 18, 32). Moreover, actin rear-
rangements that accompany HIV transfer can also be mediated by
actin-containing processes (filopodial bridges or nanotubes) (for
a recent review, see references 28 and 45). Although MV transmis-
sion from DCs to T cells has been demonstrated in cocultures and
although both the importance of CD150 on T cells in this process
and the formation of extensions has been revealed (8, 16), the
relative efficiency of this MV transmission has not been directly
assessed, nor has VS formation or the components thereof been
analyzed. Using an autologous coculture system, we now show
that MV transmission to T cells most efficiently occurs from cis-
infected DCs, and this involves the formation of polyconjugates
and an organized VS. There, the viral proteins concentrate on the
DC interface, while CD150 is redistributed in an actin-dependent

Received 22 February 2012 Accepted 25 June 2012

Published ahead of print 3 July 2012

Address correspondence to Sibylle Schneider-Schaulies, s-s-s@vim.uni
-wuerzburg.de.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.00458-12

September 2012 Volume 86 Number 18 Journal of Virology p. 9773–9781 jvi.asm.org 9773

http://dx.doi.org/10.1128/JVI.00458-12
http://jvi.asm.org


process toward the contact site. Also in common with the HIV VS,
moesin, in addition to CD81, is recruited to this site, as is the
substance P receptor (SPR) HNK-1, both of which have previ-
ously been implicated in the enhancement of MV infection of
target cells (10, 20, 38), indicating that the MV VS concentrates
both viral proteins and surface receptors involved in interface sta-
bilization and MV entry.

MATERIALS AND METHODS
Ethics statement. Primary human cells were obtained from the Depart-
ment of Transfusion Medicine, University of Wuerzburg, and analyzed
anonymously. All experiments involving human material were conducted
according to the principles of the Declaration of Helsinki and ethically
approved by the Ethical Committee of the Medical Faculty of the Univer-
sity of Wuerzburg.

Cells, stimulation, and viruses. Monocytes and T cells were enriched
from peripheral blood by Ficoll gradient centrifugation, followed by plas-
tic adherence, and by using nylon wool columns, respectively. Both cell
types were maintained in RPMI 1640 containing 10% fetal calf serum
(FCS), which was supplemented by human granulocyte-macrophage col-
ony-stimulating factor (GM-CSF; 500 U/ml; Berlex, Germany)–interleu-
kin-4 (IL-4; 250 U/ml; Miltenyi Biotec, Germany) for 3 to 6 days for the
generation of immature DCs. When indicated, T cells were activated by
phorbol myristate acetate (PMA; 40 ng/ml)–ionomycin (0.5 �M; Sigma-
Aldrich) or �CD3 (UCHTI; 1 �g/ml)-�CD28 (CD28.2; 1 �g/ml) (both
from Becton Dickinson) for 20 min on ice, followed by cross-linking by
plate-bound goat anti-mouse IgG (5 �g/ml; Dianova) for 48 h, washing,
and addition to DCs.

MV wild-type strain (WTF; genotype C2) grown on BJAB cells and
a recombinant MV (IC323-eGFP [kindly provided by Y. Yanagi])
grown on Vero cells stably expressing CD150 (both kept in RPMI
1640 –10% FCS) were titrated on marmoset lymphoblastoid B95a cells
(in RPMI 1640 –5% FCS). Mock preparations were prepared from
frozen-thawed BJAB cells, followed by centrifugation. DCs were ana-
lyzed 24 h after infection using a multiplicity of infection of 1 (WTF-
DCs or IC323-eGFP-DCs, respectively), followed by the addition of a
fusion inhibitory peptide Z-D-Phe-L-Phe-Gly-OH to prevent spread
and syncytium formation (Bachem; 200 �M in dimethyl sulfoxide;
also added to mock cultures). Infection levels ranged between 20 and
40%, as determined by flow cytometry (see below).

Antibodies. MV proteins were detected using monoclonal antibodies
(MAbs) directed against N (F227) or H (K83, NC32, and L77) proteins or
MV P-specific rabbit serum (all generated in our laboratory). IgG1 CD3-
and CD25-specific MAbs (directly conjugated to phycoerythrin [both ob-
tained from Becton Dickinson]), CD150-specific MAbs IPO3 (Cayman
Chemicals) and 5C6 (generated in our laboratory), or isotype control
IgG1 (I1; directed against the vesicular stomatitis virus G protein) were
used for flow cytometry. For immunofluorescence analyses, we used the
following MAbs: hemagglutinin (HA) tag-specific F-7 (Santa Cruz Bio-
technology), ICAM-1-specific MAb (R&D Systems), LFA-1 �-chain
CD11a-specific MAb NKI-L16 (which recognizes a Ca2�-dependent
epitope and was kindly provided by C. Figdor), CD81-specific MAb Z81.1
and moesin-specific MAb 38/87 (both kindly provided by J. Schneider-
Schaulies), pERM-specific MAb 41A3 (Cell Signaling), and DC-SIGN-
specific MAb H200 (Santa Cruz Biotechnology). We also used a poly-
clonal rabbit antiserum directed against the cytoplasmic tail of substance
P receptor (generated in our laboratory; the specificity was tested on CHO
cells stably expressing substance P receptor [SPR; kindly provided by J.
Krause]). Primary antibodies were either directly labeled (Zenon Alexa
Fluor 594 mouse IgG1 labeling kit [Invitrogen]) or detected using goat
F(ab=)2 fragment anti-mouse IgG(H�L)-A594, chicken anti-rabbit
IgG(H�L)-A594, and goat anti-mouse IgG(H�L)-A647 (all from Invit-
rogen) as secondary antibodies. DRAQ5 (Invitrogen) was used for nuclear
stains. F-actin was detected using phalloidin-A488, and cell labeling was

performed using wheat germ agglutinin (WGA) conjugated to A488 or
octadecyl rhodamine B (R18) (all from Invitrogen).

Transmission assays. DCs (5 � 104) used 24 h after infection (cis-
MV-DCs) or after 1 to 2 h after loading with MV and subsequent washing
(trans-MV-DCs) were cocultured with autologous T cells (2 � 105) at a
ratio of 1:4 for 2 h (unless stated otherwise) in RPMI 1640 –10% FCS
supplemented with GM-CSF and IL-4, which was also used for subse-
quent washing and maintenance, with fusion inhibitory peptide (FIP)
added to prevent further transmission (8). For blocking experiments, cells
were exposed to isotype control (I1), CD150 (5C6), and MV H (clones
L77 and NC32) antibodies, all at 100 �g/ml, or to CD81 antibody (at 50
�g/ml) for 1 h at 37°C prior to onset of the coculture.

Transmission efficiencies were determined after 3 days of coculture by
detection of live green fluorescent protein-positive (GFP�) cells or, when
unlabeled MV (WTF) was used, by detection of fixed MV N expressing
CD3� cells by flow cytometry. For the detection of CD3� GFP� cells, T
cell populations were first gated based on forward scatter-side scatter
(FSC/SSC) and, subsequently, on the CD3� population within which the
frequency of GFP� cells was determined. Exclusion of DCs by FSC/SSC
gating was necessary because they reveal a high GFP autofluorescence, as
described earlier (8). Experiments (routinely performed in duplicates)
were repeated three times using independent donors.

Conjugate analyses. DCs at 5 � 104 (MV-infected DCs or WGA-
labeled mock-infected DCs [Mock-DCs]) were seeded per poly-L-lysine-
coated chamber slide for 30 min at 37°C prior to the addition of autolo-
gous T cells (2 � 105) for 1 h in RPMI 1640 –10% FCS with GM-CSF and
IL-4. When indicated, T cells were transfected with pCG-CD150-HA us-
ing an Amaxa human T cell nucleofector kit (Lonza) and used 24 h later
for conjugate formation. Conjugates were fixed in phosphate-buffered
saline (PBS) containing 4% paraformaldehyde prior to antibody staining
(each diluted in PBS–1% bovine serum albumin), fluorochrome G
mounted (Southern Biotech), and examined using confocal laser scan-
ning microscopy (LSM510 Meta; software version 3.0; Axiovert 200 mi-
croscope; objective, �100; NA, 1.4 Plan Apochromat). At least 20 conju-
gates/per staining experiment were analyzed; the scale bars in all image
panels represent 10 �m. For quantification, the frequency of conjugates
revealing a pronounced accumulation of the respective compound at ex-
tended VS interfaces was determined. For this, the three fluorescence
color images were split (to obtain each color singly) and transformed into
black-and-white representations. Within these, the cells of interest were
analyzed for total pixel intensities (yielding the total amount of the given
protein per cell, which was set to 100%) and pixel intensities in gated VS
areas (quantified then as the percent VS redistribution compared to the
total pixel intensities) using AIDA software. VS redistribution was as-
signed if the intensities observed differed significantly from those seen in
surface areas other than the VS (or the interface formed with Mock-DCs,
respectively). For the immunofluorescence analysis, statistical signifi-
cance (indicated in the figures by asterisks as defined in the legends) was
determined using GraphPad Prism software and the Student t test for the
transmission quantitative experiments by one-way analysis of variance,
followed by Bonferroni post-testing.

RESULTS
Efficient MV transmission to T cells relies on DC cis-infection.
To comparatively address the efficiency of cell-free versus cell-
associated infection of T cells, the cells were left unstimulated or
were activated by PMA-ionomycin (P/I) or �CD3/CD28 antibod-
ies 24 h prior to exposure to MV alone (MV) or autologous im-
mature DCs (iDCs) infected with a recombinant MV expressing
eGFP as an extra reading frame (IC323-eGFP) 1 day earlier (re-
ferred to as cis-MV-DCs), or DCs were loaded with MV 2 h prior
to coculture (trans-MV-DCs) (Fig. 1). Transmission/infection
was limited to a time window of 2 h, after which FIP was added to
prevent further viral transfer to T cells. Within this time frame, the
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production of MV from loaded DCs can be excluded, since only
receptor-trapped MV can be transmitted by these cells. At 3 days
after MV transfer to T cells, the frequencies of infected (GFP�)
CD3� cells in all cultures were analyzed by flow cytometry, and
these values did not exceed 0.8% in cocultures involving mock-
infected DCs or T cells exposed to mock preparations (used for
this and all following experiments [data not shown]). Irrespective
of the T cell activation status, the acquisition of MV was, on aver-
age, almost twice as efficient from cis-MV-DCs (compared to that
seen with trans-infection or cell-free infection, which did not sig-
nificantly differ from each other) (Fig. 1A). Thus, frequencies of
GFP� cells acquired on cell free and trans-infection did not exceed
18%, while, on average, 52 and 36% of the CD3� cells expressed
GFP when P/I-activated and �CD3/CD28-activated T cells had
acquired MV via cis-infected DCs. The kinetics of MV transmis-
sion from cis-infected DCs to unstimulated or preactivated T cells
did not markedly differ, as revealed in experiments where the time
window for transmission was narrowed to 15, 30, or 60 min rather

than 120 min (Fig. 1B). Thus, transmission was most efficient
from cis-MV-DCs to preactivated T cells, and therefore this sys-
tem was used for further analyses.

MV transmission involves the MV glycoproteins and CD150
on the target T cell. Because receptor interaction might play an
essential role in enhancement of T cells infection by cis-MV-DCs,
we confirmed that both P/I and �CD3/CD28 stimulation pro-
moted the surface display of CD150 (and CD25 included as acti-
vation control) on T cells (Fig. 2A). In line with the importance of
MV receptor interaction in this process, cis-MV-DC-mediated
transmission was substantially affected by the blocking of CD150
on T cells (Fig. 2B) or the blocking of MV-DCs with HA-specific,
but not CD150-specific antibodies (Fig. 2C and data not shown
for CD150). Altogether, these observations identify cis-infected
DCs as efficiently mediating MV transmission to T cells, and this
process is sensitive to antibodies blocking the interaction between
the entry receptor CD150 and its ligand, the MV H protein.

MV-DC/T cell interfaces concentrate CD150 and MV pro-
teins, consistent with VS formation. To gain insight into the spa-
tial organization of MV transmission sites, we first determined the
frequencies of T cells conjugating to autologous MV-infected ver-
sus Mock-DCs, which were visualized by labeling with A488-con-
jugated WGA. Unstimulated T cells conjugated to Mock-DCs and
MV-DCs with similar efficiencies, whereas preactivated T cells
tended to be recruited into polyconjugates with GFP� MV-DCs,
thereby increasing the potential frequency of transmission sites
(Fig. 3A). GFP� DCs in these cultures did not differ with regard to
T cell conjugation from Mock-DCs (data not shown). Consistent
with the formation of the VS, the accumulation of both F-actin
and MV H proteins was detected at interfaces formed between
preactivated T cells and MV-DCs (Fig. 3B, left panels with actin
accumulation shown by intensity representation). MV H protein
was also associated with F-actin-enriched extensions in these cul-
tures, confirming earlier observations that transmission may also
involve filopodial bridges (Fig. 3B, right panels). These were, how-
ever, rarely seen, and thus we concentrated on the VS as a major
transmission site further on.

To describe the accumulation of compounds in the VS, we set
out to determine the frequency of conjugates (with each at least 20
conjugates analyzed per condition), where a substantial concen-
tration of the protein of interest at extended interfaces compared
to juxtaposed membrane areas was revealed by false color analysis
in intensity representations. Substantial VS redistribution of
CD150 was seen in conjugates involving MV-infected DCs but not
WGA-labeled mock-exposed DCs (Fig. 4A). As noted earlier (Fig.
3A), DCs conjugating several T cells were frequently observed.
CD150 expression in iDCs is low (2, 8), did not markedly increase
by 24 h postinfection (not shown), and thus might not essentially
contribute to the CD150 VS concentration. To verify that the
CD150 redistribution efficiently occurs at the acceptor cell surface
(where it proved to be important for transmission [Fig. 2C]), T
cells transfected to express HA-tagged CD150 were used for con-
jugate analyses. There, the tagged CD150 almost completely local-
ized at the contact sites (Fig. 4B), and its redistribution on T cells
proved to be actin dependent, because it was efficiently impaired
on pretreatment of transfected T cells (left unstimulated or P/I
activated) by latrunculin B but not nocodazole (Fig. 4C). As ob-
served for its entry receptor on T cells, MV H protein displayed in
patches on the surfaces of MV-DCs in the absence of T cells (data
not shown) was efficiently recruited to the VS, thereby supporting

FIG 1 MV cis-infection of T cells is most efficient and time dependent. trans-
or cis-MV transmission involved IC323-eGFP-DCs cocultured with autolo-
gous T cells (ratio, 1:4) for 2 h (A) or IC323-eGFP-cis-DCs for the time inter-
vals indicated (B). FIP was then added to prevent further transmission. The
frequencies of GFP�/CD3� cells were determined after 3 days by flow cytom-
etry and compared to those seen in T cell cultures having received MV in the
absence of DCs (MV) (A) or to the frequencies seen 2 h after transmission (B).
The means of three independent experiments (each performed in duplicates)
are indicated by error bars representing the standard deviations. The frequen-
cies of GFP�/CD3� cells in cell-associated transmission assays were normal-
ized to the respective cell-free virus acquisition. *, P � 0.05; **, P � 0.01; ***,
P � 0.001.
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its function as a transmission compartment (Fig. 4D). In support
of this hypothesis, MV P protein detected as a representative RNP
component also efficiently accumulated at these sites (Fig. 4D). In
contrast to CD150 T cells, the role of actin in VS redistribution of
MV proteins in DCs (and that of all other proteins analyzed there-
after) in conjugates could not be analyzed because the pretreat-
ment of DCs with latrunculin B (LatB) or nocodazole strongly
affected the substrate adhesion of conjugates (data not shown).
Thus, transmission of MV from cis-MV-DCs to T cells involves
concentration of viral proteins and CD150 in a VS.

ICAM-1, LFA-1, CD81, pERM, and substance P receptor are
components of the MV VS. Because ICAM-1, activated LFA-1,
and the tetraspanin CD81 have already been shown to be constit-
uents of the HIV infectious synapse, we analyzed whether, in ad-
dition to F-actin, they would localize to the synapse formed be-
tween MV-DCs and activated T cells. Although there was an
obvious tendency for VS accumulation of F-actin (Fig. 3B), its VS
redistribution did not reach statistical significance, whereas that of
ICAM-1 and LFA-1 to this site was clearly detectable (Fig. 5A,
upper panels and right diagrams). In addition, CD81 and DC-
SIGN also concentrated at the VS (Fig. 5A, bottom panels and
right diagrams), indicating that, in common with the HIV VS,
CD81 not only marks the MV VS but MV transmission was also
partially blocked when DCs were pretreated with anti-CD81 anti-
bodies prior to transmission (Fig. 5B). Again, in common with the
HIV VS, phosphorylated ezrin-radixin-moesin (ERM) family
members clearly redistributed to the MV VS (Fig. 6, middle
panel), as did, albeit less efficiently, moesin alone (Fig. 6, left
panel), which has been implicated in the enhancement of MV
uptake earlier. Most interestingly, however, substance P receptor,
which assists in MV uptake into neural cells but also T cells by
unknown mechanisms, also redistributes to the VS, where it
tended to reveal a peripheral rather than a central localization

(Fig. 6, right panel). Altogether, these analyses indicate that several
MV receptors assisted by molecules strengthening adhesion might
contribute to transmission at that particular structure.

DISCUSSION

The key role of CD150 expressing cells as early targets of MV
infection and trafficking to secondary lymphatic tissues has been
clearly revealed in vitro and in vivo, where they promote further
dissemination by transmitting infectious MV to lymphocytes (2,
5, 8, 29). In vitro evidence suggests that the ability of MV to trigger
DC maturation may be less efficient than that seen on lipopoly-
saccharide ligation and may even be compromised with regard to
certain parameters such as chemokine receptor switching and
CD40 signaling (reviewed in reference 39). MV-infected antigen-
presenting cells surrounded by scanning lymphocytes have been
documented in lymph nodes of experimentally macaques (29).

The role of DC-SIGN in capturing MV for enhancement of
infection through CD150 has been clearly revealed in vitro (2, 7,
8), and yet the lack of DC-SIGN/CD150-coexpressing cells in sub-
epithelial layers of the respiratory tract of healthy individuals has
raised questions regarding the role of DC-SIGN� cells in early MV
acquisition and led to the suggestion that these cells might prefer-
entially trap virus for subsequent transmission. This particular
study thus focused on trans-infection, where capture by DC-SIGN
proved to be more important for both transmission and uptake
for subsequent processing (8).

Our data clearly reveal that acquisition of MV by T cells is most
efficient from cis-MV-DCs (Fig. 1A), which may well serve as
transmission vectors also in vivo. This is because MV interaction
with DC-SIGN caused activation of acid sphingomyelinase and
subsequent vertical CD150 surface recruitment in vitro (2). In
contrast to trans-infection (8), CD150-specific antibodies sub-
stantially interfered with cis-MV-DC transmission when added to

FIG 2 MV transmission depends on CD150 and H protein. (A) CD25 and CD150 expression levels were determined in T cells either left unstimulated (dotted
line), stimulated with P/I (hatched line), or stimulated with �CD3/CD28 (solid line) by flow cytometry (gray profile, isotype control). (B and C). The frequencies
of GFP�/CD3� cells were determined 3 days after coculture of IC323-eGFP-DC with autologous T cells (P/I activated, white bars; �CD3/CD28 activated, gray
bars), wherein T cells were exposed to CD150-specific antibodies (B) or DCs were exposed to MV H-specific antibodies (H1, NC32; H2, L77) (C) or the respective
isotype antibodies (iso) for 1 h prior to transmission. The results were normalized to the untreated controls. The means of three independent experiments (each
performed in duplicates) are indicated by error bars representing the standard deviations. Significance levels were determined for differences from untreated cells
(set to 1) (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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T cells but not DCs prior to coculture (Fig. 2B). Evidently, CD150
is efficiently redistributed to the contact interface in conjugated T
cells (Fig. 4B and C), a finding which is line with the sensitivity of
transmission efficiencies to blocking this receptor on the acceptor
cell. CD150 expression on DCs is low and does not markedly
increase after 24 h of infection (data not shown), indicating that
the majority of endogenous CD150 detected at the MV VS is T cell
derived (Fig. 4A). If the DC CD150 is also recruited there, it may
not be of functional importance for transmission because homo-
typic interactions that might have a stabilizing effect may not oc-

cur given the higher avidity of the heterologous interaction with
MV H protein (21), and prior exposure of DCs to CD150-specific
antibodies does not impair subsequent transmission (data not
shown).

Although in common with earlier observations for MV and
also HIV (8, 11, 28, 45), we only infrequently observed MV in
association with actin-enriched protrusions, most likely repre-
senting filopodial bridges (Fig. 3B). Though the formation of ac-
tin-based protrusions such as nanotubes in vitro may vary de-
pending on the substrate (43), their relative importance in viral

FIG 3 DC/T cell polyconjugates and filopodial bridges in MV-DC/T cell cocultures. (A) R18-labeled T cells (preactivated or not) were added to WGA-labeled
Mock-DCs or IC323-eGFP-DCs seeded onto poly-L-lysine (PLL)-coated slides, and the frequencies of T cells conjugated per DC after 1 h were determined.
Representative examples out of each 50 MV-DC conjugates are shown in the upper row, and examples for the enumeration of T cells (marked by asterisks)
conjugated to WGA-labeled Mock-DCs (bottom panel, upper row) or MV-DCs (bottom panel, lower row) are marked by numbers, as are statistically relevant
differences obtained upon the recruitment of 130 conjugates. ***, P � 0.001. (B) Conjugates involving MV WTF-DCs and T cells were stained with phalloidin-
A488 and anti-MV H specific antibodies (K83). VS and filopodial bridges are indicated by arrows, and fluorescence intensity representations are shown at the
bottom.
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B 

FIG 4 Viral proteins and MV entry receptor CD150 concentrate at the VS. Conjugates that formed between PLL-seeded IC323-eGFP-DCs (or WGA-labeled
Mock-DCs) and T cells within 1 h were fixed and analyzed for VS redistribution of endogenous CD150 (A), CD150-HA transfected into T cells 24 h earlier (B and
C), which, whether P/I preactivated or not, were pre-exposed to LatB or nocodazole (noco) for 1 h for MV H (C) or P (D) proteins. (A to D) VS are indicated by
arrows (left), and quantifications of VS redistributions, shown on the right, involving at least 20 conjugates with T cells that were either unstimulated (�) or
preactivated by P/I (�) or �CD3/CD28 (s). Nuclei were counterstained using DRAQ5. ns, nonsignificant; ***, P � 0.001.
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transmission in vitro has recently been questioned (34). The ma-
jority of transmission most likely occurs at contact interfaces be-
tween MV-DCs and T cells, which, given their similarity to those
described for HIV, may be considered infectious synapses or VS
(3, 18, 32). This is because both the major MV entry receptor and
its ligand, H protein, and the P protein (used as RNP marker in
our study) accumulate there, and cell-associated transmission
from cis-infected DCs exceeds that by cell free virus 3-fold (Fig. 1,
3, and 4). An organized interface for MV transmission appears to
be particularly important in view of the very limited ability of
these cells to support the production of infectious particles (40).
In common with the HIV VS (22, 23), viral proteins accumulate at
the donor cell interface and while the major entry receptor,

CD150, concentrates there in an actin-dependent manner (Fig. 4B
and C). Whether VS accumulation of MV proteins in DCs was also
actin dependent could not be analyzed because of the sensitivity of
DC morphology and substrate adhesion on slides on prior expo-
sure to nocodazole and LatB (data not shown), a finding is in line
with earlier observations (49). As shown for T/T cell VS, Env in-
teraction promoted recruitment of activated ERM proteins to the
transmission site, and moesin was identified as a major compo-
nent that is important in enhancing membrane fusion and HIV
infection (3). We were also able to detect redistribution of pERM
proteins and especially moesin toward the MV VS, and yet we did
not resolve whether it occurs at the DC or T cell side (Fig. 6);
moreover, it would have exceeded the scope of the present study to

FIG 5 ICAM-1, LFA-1, DC-SIGN, and CD81 are VS components. (A) Conjugates formed between PLL-seeded IC323-eGFP-DCs and preactivated T cells within
1 h were fixed and analyzed for surface expression of ICAM-1 (upper left), activated LFA-1 (upper right), DC-SIGN (bottom left), or CD81 (bottom right).
WGA-labeled Mock-DCs served as controls (right graphs). Values are expressed as the percentage of each total protein analyzed per layer. (B) MV-DCs were
exposed to CD81 specific or isotype control antibodies at 1 h prior to coculture. Values obtained with untreated MV-DCs were set to 1. The means of three
independent experiments (each performed in duplicates) are indicated by error bars representing standard deviations. *, P � 0.05; **, P � 0.01; ***, P � 0.001.

MV Transmission from DCs to T Cells

September 2012 Volume 86 Number 18 jvi.asm.org 9779

http://jvi.asm.org


resolve since this would causally relate to actin redistribution
and/or local stabilization of actin-based protrusions, shown to be
required for HIV entry (44) (Fig. 3B). Of note, however, is the fact
that moesin has been found to assist in MV entry into target cells
earlier, and its concentration at the VS is thus most likely of func-
tional importance for transmission (9, 10). The loss of T-cell-
receptor-stimulated ERM protein phosphorylation and actin-
based protrusions on contact with MV glycoproteins with an
unknown receptor, not identical to CD150, was found to occur in
T cells (33), and thus the accumulation of pERM at the MV VS
may imply that the inhibitory receptor is not compartmentalized
there or that the inhibitory signal has extinguished by the time of
conjugate analysis. When administered earlier, at conjugate for-
mation, a signal-promoting pERM dephosphorylation concomi-
tant with cofilin activation might even assist in the establishment
of flattened contact planes by favoring actin remodeling. The lat-
ter may be fostered on VS redistribution of DC-SIGN (Fig. 5B)
and subsequent signaling, as shown for HIV (12, 34). Whether
DC-SIGN ligation in the MV VS promotes collapse of actin-based
protrusions, as seen on MV-induced ceramide generation in T
cells (14), or has a stabilizing function will be addressed in future
experiments. ICAM-1 may further act to stabilize the structure via
interaction with activated LFA-1 detected therein (Fig. 5A), as also
suggested for the HIV VS (24). In common with other VS, CD3
did not polarize toward the MV-DC/T cell interface (data not
shown) (25), and this will also apply to other molecules which are
not recruited or, more interesting still, actively excluded from the
MV-DC/T interface, the identification of which clearly exceeds
the scope of present study.

Partitioning of CD81 to the HIV and MV VS has a role in viral
transmission which, however, is only partially neutralized by spe-
cific antibodies (Fig. 5B), as already observed for CD150 (Fig. 2B),
even upon the inclusion of higher antibody concentrations (data
not shown). It is tempting to speculate that VS redistribution of
several molecules previously shown to mediate or assist in MV

entry creates a cooperative environment for efficient transmis-
sion. Notably, SPR apparently redistributes in T cells toward the
VS, and, given its ability to support MV entry into T cells and
cell-to-cell transmission in neurons, may play an active role in MV
uptake (Fig. 6) (19, 20, 30). The similarity of the internal substance
P FFG sequence with FIP and the N-terminal hydrophobic MV F1
fusion domain suggested it might, by interacting with the MV F
protein, enhance fusion, which may well affect the sensitivity of
this process to neutralizing antibodies (Fig. 2C). Thus, targeted
ablation rather than antibody-based experiments will have to be
conducted in order to evaluate the relative contributions of the
MV VS components to stability and transmission mode and effi-
ciency.
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